During development, cortical plasticity is associated with the rearrangement of excitatory connections. While these connections become more stable with age, plasticity can still be induced in the adult cortex. Here we provide evidence that structural plasticity of inhibitory synapses onto pyramidal neurons is a major component of plasticity in the adult neocortex. In vivo two-photon imaging was used to monitor the formation and elimination of fluorescently labeled inhibitory structures on pyramidal neurons. We find that ocular dominance plasticity in the adult visual cortex is associated with rapid inhibitory synapse loss, especially of those present on dendritic spines. This occurs not only with monocular deprivation but also with subsequent restoration of binocular vision. We propose that in the adult visual cortex the experience-induced loss of inhibition may effectively strengthen specific visual inputs with limited need for rearranging the excitatory circuitry.
INTRODUCTION
The strong potential of the neocortex to undergo experiencedependent plasticity is based in part on its capacity to structurally change its excitatory connections. This is classically illustrated by ocular dominance (OD) plasticity, which is induced by a period of monocular deprivation (MD) and causes most neurons in the primary visual cortex (V1) to become less responsive to the deprived eye and more to the nondeprived eye (Hubel et al., 1977) . OD plasticity is accompanied by structural reorganization of thalamocortical (Antonini et al., 1999; Antonini and Stryker, 1996; Shatz and Stryker, 1978) and intracortical (Schmidt et al., 1997; Trachtenberg and Stryker, 2001 ) projections. These changes in axonal organization are matched by structural plasticity of dendritic spines which accommodate most excitatory synapses. This is evident from a temporary reduction in spine density of layer 3 pyramidal neurons after several days of MD (Mataga et al., 2004) . Using two-photon microscopy it was shown that many spines are continuously being replaced in the neocortex and that this turnover steeply increases during the induction of plasticity (Grutzendler et al., 2002; Hofer et al., 2009; Lendvai et al., 2000; Trachtenberg et al., 2002) . This turnover declines with age (Holtmaat et al., 2005) . In adult mice, the percentage of persistent spines increases and the reorganization of thalamocortical projections becomes limited (Antonini et al., 1999; Holtmaat et al., 2005) . While OD plasticity in adulthood is associated with increased spine dynamics in layer 5 pyramidal neurons this is not observed in layer 3 pyramidal neurons (Hofer et al., 2009) . Also, the spine loss observed in layer 3 pyramidal neurons after MD during the critical period is not detected in adulthood (Mataga et al., 2004) . Interestingly, a large shift in OD plasticity can still be induced in these neurons (Hofer et al., 2009) suggesting that other plasticity mechanisms may become dominant in adult V1.
One such mechanism could be the structural plasticity of inhibitory inputs onto these pyramidal neurons. Whole-cell recordings in vitro and in vivo suggest that inhibitory innervation of excitatory neurons is altered by MD (Maffei et al., 2006; Yazaki-Sugiyama et al., 2009 ) and some evidence supports the idea that in the adult visual cortex, interneurons retain higher plasticity levels than excitatory neurons (Chen et al., 2011; Kameyama et al., 2010; Lee et al., 2006) . It was recently shown that presynaptic boutons of subsets of interneurons are lost rapidly upon retinal lesioning indicating that inhibitory synapses have the potential to undergo structural plasticity in adult V1 (Keck et al., 2011) . However, as the same paradigm also causes massive restructuring of excitatory synapses in adult V1 (Keck et al., 2008) , the implications for deprivation-based paradigms such as OD plasticity are not clear.
In this study we directly tested whether OD plasticity in the adult visual cortex is associated with structural plasticity of inhibitory synapses on layer 2/3 pyramidal neurons. We labeled their inhibitory synapses by electroporating the neurons in utero with a red fluorescent cytoplasmic protein together with green fluorescent protein (GFP)-tagged gephyrin, a scaffold protein specifically present in the inhibitory postsynapse (Kneussel et al., 2001; Sassoè -Pognetto et al., 1999) . This allowed us to use in vivo two-photon microscopy to chronically monitor the loss and gain of inhibitory synapses and study how this was altered by a period of MD, and by a period of recovery following reopening of the eye. Our findings suggest that plasticity in adult V1 may be mediated in part by disinhibition of specific excitatory inputs.
RESULTS

In Vivo Labeling of Inhibitory Synapses with GFP-Gephyrin
To enable the visualization of inhibitory synapses onto pyramidal neurons in the visual cortex of intact animals, E16.5 embryos were electroporated in utero with plasmids driving the expression of GFP-gephyrin and a cytoplasmic red fluorescent protein (DsRed-Express, referred to as RFP). This resulted in the presence of scattered, red fluorescent pyramidal neurons in layer 2/3 of the adult visual cortex that carried green GFPgephyrin puncta ( Figure 1A ). We first wished to confirm that these GFP-gephyrin puncta actually represented inhibitory synapses in vivo as has previously been shown in cell culture (Dobie and Craig, 2011; Meier and Grantyn, 2004) . To this end, we performed electron microscopy (EM) of sections immunogold-labeled with antibodies to GFP. We detected GFP-gephyrin in synapses on spines and shafts ( Figure 1B) . As described for endogenous gephyrin (Sassoè -Pognetto et al., 1999; Sassoè -Pognetto et al., 2000) , GFP-gephyrin was found at and in the direct vicinity of the postsynaptic specialization where it may be associated with surface-localized or endocytosed GABA receptors (van Rijnsoever et al., 2005) . Because the immunoreaction product (diaminobenzidine and gold particles) tended to mask the postsynaptic specialization of labeled synapses as previously observed (Sassoè -Pognetto et al., 2000) , we classified symmetric and asymmetric synapses based on the width of their synaptic cleft (Gray, 1959) . We found that in unlabeled synapses the sizes of the clefts of symmetric (16.1 ± 2.5 nm) and asymmetric (28.7 ± 2.7 nm) synapses were clearly distinguishable (p < 0.001, Figure 1C ). The clefts of GFPgephyrin-labeled synapses were comparable (16.9 ± 3.5 nm) to those of nonlabeled symmetric synapses in the same material ( Figure 1C ). Of all GFP-gephyrin labeled synapses, 92% showed a cleft corresponding to that of a symmetric synapse ( Figure 1D ). The other 8% had a cleft comparable to that of asymmetric synapses (which does not rule out the possibility that despite of this they were in fact GABAergic). Next we performed immunohistochemical staining for the vesicular GABA transporter (VGAT), a marker for inhibitory presynaptic terminals, on sections of V1 of RFP and GFP-gephyrin expressing mice. This confirmed that the vast majority of GFP-gephyrin puncta were juxtaposed to VGAT puncta on distal dendrites (88%, p < 10 À5 compared with 43% chance level of juxtaposition assessed by shifting the image of the VGAT channel 14 pixels) ( Figure 1E ). The actual percentage of juxtaposition could be somewhat higher or lower, as on the one hand not all inhibitory boutons may be detected using VGAT labeling, while on the other we may have also detected coincidental juxtaposition. Together these data indicate that GFP-gephyrin showed a similar localization as endogenous gephyrin at inhibitory synapses. Last, we found that the density of GFP-gephyrin puncta versus dendritic spines was 1:1.25. As spines protruding in the z axis are not identifiable by two-photon imaging and RFP is not the best fluorophore for detecting the smallest spines, this number is on a par with what has been observed by electron microscopy (EM) in the monkey and cat visual cortex (1:3) (Beaulieu et al., 1992) , layer 2/3 of the rat cingulate cortex (1:1.5) (Ovtscharoff et al., 2006) , and layer 4 of the rat barrel cortex (between 1:3 and 1:4.5) (Jasinska et al., 2010; Knott et al., 2002) .
To investigate whether GFP-gephyrin expression altered electrophysiological properties of inhibitory synapses, we recorded miniature inhibitory postsynaptic currents (mIPSCs) in RFP expressing pyramidal neurons in slices of mice that were electroporated with GFP-gephyrin plus RFP or RFP only. There were no significant differences in the mIPSC frequencies and amplitudes between the two groups either around 30 days after birth or around 75 days (Figures S1A-S1C available online). We also did not observe changes in the resting membrane potential, capacitance, input resistance, or decay time ( Figures S1D-S1H ). Together, these observations indicate that GFP-gephyrin is a reliable label for inhibitory synapses in vivo and does not interfere with basic electrophysiological properties of neurons expressing it.
Basic Properties of Inhibitory Synapse Turnover in V1
We then investigated at what rate GFP-gephyrin puncta were formed and lost on distal apical dendrites of layer 2/3 pyramidal neurons in the adult visual cortex. To this end, cranial windows were placed in mice sparsely expressing RFP and GFP-gephyrin in neurons in V1 around P70 (Figure 2A ). One to two weeks later the exact location of the binocular region was assessed by optical imaging of intrinsic signal, and OD was measured (Figure 2B) . After another week, dendritic branches in lower layer 1 and upper layer 2/3 were imaged in the binocular region of V1, Figure 2 . More GFP-Gephyrin Puncta Are Lost with MD and Recovery (A) Experimental timeline. Animals were either monocularly deprived (n = 4, MD, shaded region) for 12 days followed by recovery, or were not subjected to monocular deprivation (n = 3, naive). (B) Optical imaging of intrinsic signal confirms that monocularly deprived, chronically imaged animals show a shift in ocular dominance toward the nondeprived eye (n = 6, *p < 0.05). ODI = ocular dominance index. (C) Representative images of temporal series of a stretch of layer 2/3 pyramidal dendrite, imaged as per the experimental timeline (A). Upper panel: outline of a dendrite with its spines in red, GFP-gephyrin puncta indicated in green. Lower panel: grayscale image of the green channel only. Open arrows: location of GFP-gephyrin puncta lost or to be gained; filled arrows: GFP-gephyrin puncta present. (D) Percentage of appearing GFP-gephyrin puncta between two time points, plotted against time for naive mice (dashed lines, 3 mice, 28 dendrites,922 puncta) or mice subjected to monocular deprivation and recovery (solid lines, 4 mice, 44 dendrites, 1,308 puncta). (E) The same, now shown for disappearing GFP-gephyrin puncta. Monocular deprivation and recovery both cause an increase in punctum loss. (F) Normalized density of GFP-gephyrin puncta over time, showing a reduction of GFP-gephyrin puncta with monocular deprivation and recovery. *p < 0.05, **p < 0.01, ***p < 0.005 compared to baseline. (G) Percentage of GFP-gephyrin puncta present at day 0 that persist (i.e., are present at each time point measured) over time is lower in monocularly deprived animals (solid lines) than in naive mice (dashed lines).
which was then repeated 6 times at 4 day intervals ( Figure 2C ). We found that baseline turnover of GFP-gephyrin puncta occurred at approximately 4%-10% per 4 days (Figures 2D and 2E) . To test to what extent this turnover was an artifact of repeated imaging we imaged one animal seven times at halfhour intervals ( Figure S2 ). Assuming that none of the observed loss or gain during these measurements was caused by actual GFP-gephyrin punctum turnover, we conclude that on average, bleaching, photodamage, or changes in the angle of imaging are responsible for 1.1% observed punctum loss and 0.55% punctum gain.
Over the entire 24 day period, 78% of all GFP-gephyrin puncta persisted ( Figure 2G ). These findings indicate that inhibitory synapses in adult V1 show similar turnover compared to their excitatory counterparts, which were previously found to have a turnover rate of 6%-8% in layer 2/3 neurons in the visual cortex of animals of the same age (Hofer et al., 2009 ). The observed turnover rate at 4 day intervals also compares well with the 8%-10% turnover of inhibitory boutons observed by others in V1 (Keck et al., 2011) or somatosensory cortex (Marik et al., 2010) .
Ocular Dominance Plasticity and Its Recovery Both Increase Inhibitory Synapse Loss
We then assessed whether the induction of an OD shift changed these dynamics. For these experiments animals were treated as described above, with the difference that 3 days after the second imaging session the contralateral eye was sutured closed (Figure 2A) . After three more imaging sessions (12 days later) the eye was reopened and OD assessed again, confirming that it had shifted ( Figure 2B ). This was followed by two more imaging sessions. We found that GFP-gephyrin punctum loss changed strongly over time in mice with altered visual experience (p < 0.001) and weakly in naive animals (p < 0.01). The latter might be caused by a slight increase in GFP-gephyrin punctum loss over the 24 day imaging period. We found that already one day after MD, there was a significantly increased loss of GFPgephyrin puncta, which continued during the next 4 days (p < 0.05) and almost normalized after 8 days ( Figure 2E ). In contrast, punctum formation did not show significant changes during this period ( Figure 2D) . Surprisingly, reopening of the deprived eye again caused a rapid increase in punctum loss, but slightly less pronounced than after MD ( Figure 2E ). Together, these manipulations reduced the percentage of persisting GFP-gephyrin puncta to 58% ( Figure 2G ), significantly less than in naive animals (p < 0.01). This indicates that puncta that are stable under normal circumstances are lost with the induction of adult plasticity. Also, the absolute number of puncta decreased by 6% after MD, and by another 7% after recovery (p < 0.05), while no significant loss was observed in naive animals ( Figure 2F ). Together these findings indicate that adult OD plasticity is accompanied by a loss of inhibitory synapses, independently of the direction of the OD shift or whether it is induced by a relative decrease or increase of visual input.
GFP-Gephyrin-Puncta on Dendritic Spines Are More Dynamic Than Those on Shafts
When we examined the localization of the GFP-gephyrin puncta on the dendrites of pyramidal neurons we noticed that approximately 1 in every 2.5 GFP-gephyrin puncta was localized on a spine (the actual fraction may be slightly higher, as we estimated that due to the limited z-resolution we may have wrongly assigned approximately 16% of the spine GFP-gephyrin puncta to the shaft, see Supplemental Experimental Procedures). This is similar to the 1:3 ratio observed for putative inhibitory synapses by EM in cat visual cortex (Beaulieu and Somogyi, 1990) , and layer 2/3 of the monkey visual cortex (Beaulieu et al., 1992) , rat cingulate cortex (Ovtscharoff et al., 2006) , and rat frontal cortex (Kubota et al., 2007) . As described previously (Jones and Powell, 1969) most of these spines are presumably double-synapse spines, carrying both an excitatory and an inhibitory synapse. When we compared the turnover of puncta on dendritic spines and shafts ( Figures 3A-3D ) it was directly evident that puncta on dendritic spines showed larger changes in turnover than those on shafts. The loss of GFP-gephyrin puncta on spines changed strongly over time in mice with altered visual experience (p = < 10 À4 ) but not in naive mice (p = 0.35). One day after MD, loss of GFP-gephyrin puncta on spines increased from 6% to 17% while that on shafts increased mildly (though significantly) from 6% to 11%. Four days later, the loss of GFPgephyrin puncta on spines increased to 22%, while it remained similar on shafts after which both showed a decline in synapse The same analysis, now on disappearing GFP-gephyrin puncta, shows that the loss of puncta located on dendritic spines steeply increases upon MD, normalizes and increases again with recovery compared to the situation in naive mice.
(C) Percentage of appearing GFP-gephyrin puncta located on dendritic shafts does not show significant changes in deprived (765 puncta) or naive mice (525 puncta).
(D) Loss of GFP-gephyrin puncta located on dendritic shafts increases with MD and recovery but to a much lesser extent than observed in (B). *p < 0.05, **p < 0.01, ***p < 0.005 compared to baseline.
loss 9 days after MD. An even larger difference in inhibitory synapse loss was observed on spines after reopening of the deprived eye (24%), but barely on shafts. The difference in punctum loss on spines and shafts could also be detected in their persistence ( Figure S3 ). While 82% of all GFP-gephyrin puncta on shafts persisted over the 24 day period, 75% of the GFP-gephyrin puncta on spines persisted during this period. MD and recovery decreased the persistence of GFP-gephyrin puncta on shafts to 62% and to 45% on spines. Altogether, these data indicate that upon MD and subsequent recovery, more inhibitory synapses are lost from dendritic spines than from shafts. This difference in turnover was also evident in naive mice. Interestingly, we noticed a gradual increase in inhibitory synapse formation on spines with both MD and recovery which could represent a slow normalization of inhibitory inputs over time ( Figure 3A ).
Larger GFP-Gephyrin Puncta Are More Persistent As it was found previously that the size of dendritic spines correlates well with their stability (Trachtenberg et al., 2002) , we analyzed whether this is also true for inhibitory synapses.
When we plotted the intensity of puncta against their lifetime it was clearly visible that bright puncta were more stable (Figure S4A) . The correlation between fluorescence intensity rank and lifetime was 0.69, (p < 10 À5 ) in deprived animals at day 24, and 0.67, (p < 10 À5 ) in naive mice. This strong correlation was not merely due to higher turnover of the dimmest puncta, as the brightest 50% of puncta showed similar correlations (deprived: 0.69 p < 10 À5 , naive: 0.57 p < 10 À5 ). It is possible that the observed dynamics were overestimated due to some GFP-gephyrin becoming too dim to be visualized and thus marked as lost. To test this, we calculated what happened if we set a minimal detection threshold (in percentage of the mean punctum intensity) ( Figure S4E ). If we set the minimal detection threshold at 15% the mean observed gain and loss were 9%, only slightly higher than the 7% we observed without the artificial thresholding, indicating that this effect was not strong.
To analyze how MD and recovery affected bright and dim GFP-gephyrin puncta, we ranked the GFP-gephyrin puncta on brightness and separated the brightest and dimmest 50% of the GFP-gephyrin puncta at the first day of imaging and examined their persistence ( Figure 4A ). This clearly showed that MD and recovery did not only increase the dynamics of small puncta but also made the largest puncta less persistent than those in naive mice. This was also confirmed by our observation that the loss and gain of the 50% puncta with medium intensity were similar to what we observed in the entire population ( Figures S4C and S4D) .
We then analyzed the distribution of puncta-brightness on spines and shafts and found that those on spines were dimmer ( Figure 4B ). To assess whether this explained why puncta on spines were more dynamic than those on shafts we compared the loss of shaft-and spine-puncta when they were of the same average brightness. To this end puncta on spines and shafts were divided in four brightness bins, and from each bin the largest equal number of puncta of both categories were selected and pooled. When we compared the shaft and spine puncta in this pool, we found that they showed similar persistence ( Figure 4C ) and loss ( Figure 4D ). It thus seems that the higher turnover of GFP-gephyrin puncta on spines compared to those on shafts is indeed related to their smaller size.
This could possibly be due to a particular interneuron subset with a high level of bouton turnover specifically innervating small inhibitory synapses on spines. We therefore examined whether boutons immunohistochemically labeled with markers for specific subsets of interneurons were preferentially juxtaposed to GFP-gephyrin puncta on shafts or spines but found no evidence for this ( Figure S4F ). While this makes it unlikely that the differences in inhibitory synapse turnover on spines and shafts is due to their innervation by a specific interneuron subset, it does not exclude the possibility that different interneurons show different bouton dynamics.
Most Spines that Gain or Lose GFP-Gephyrin Puncta Are Themselves Persistent
We next asked the question whether GFP-gephyrin puncta on spines were lost together with the spine they were located on, or whether spines losing a punctum were themselves persistent.
We therefore analyzed what happened to spines with GFPgephyrin puncta that were present on day 4. We found that at the last measurement during MD (day 16), the loss of GFPgephyrin puncta on spines was mainly due to their disappearance from persistent spines, while only a fraction disappeared together with the spine ( Figure 4F ). This was also true for the loss of GFP-gephyrin puncta that occurred during recovery ( Figure 4G ). The same trend was observed in naive mice ( Figures  4F and 4G ). The appearance of GFP-gephyrin puncta on spines in naive mice and during MD ( Figure 4H ) or recovery ( Figure 4I ) was mostly due to punctum-formation on preexisting spines, while the appearance of new spines with a GFP-gephyrin punctum occurred less frequently. Despite being the less frequent event, turnover of spines carrying GFP-gephyrin puncta did occur at a significantly higher rate with MD or subsequent recovery than in naive animals (spine and punctum loss during MD: p < 0.001, during recovery: p < 0.05, spine and punctum gain during MD: p < 0.005, during recovery: p < 0.05). Together these findings indicate that the changes in the population of spines carrying an inhibitory synapse are mostly due to turnover of inhibitory synapses on preexisting and persistent spines, and less so by the turnover of spines together with their inhibitory synapse. Both events can be increased by altered visual experience.
Spines with Inhibitory Synapses Are Enriched for Thalamic Input
In the frontal cortex of rats, practically all double-synapse spines receive input from the thalamus (Kubota et al., 2007) , as identified by the expression of the vesicular glutamate transporter VGLUT2 (Hur and Zaborszky, 2005) . To see whether this is also true in the visual cortex of mice, we stained sections of V1 in which pyramidal neurons expressed RFP and GFP-gephyrin with antibodies to VGLUT2 ( Figure 5A ) and analyzed whether spines with or without GFP-gephyrin puncta in lower layer 1 and upper layer 2/3 were juxtaposed to VGLUT2 positive boutons. We found that while 27% (versus 17% pixel shifted control, p < 0.005) of spines without a GFP-gephyrin punctum were juxtaposed to VGLUT2 boutons, this fraction was 49% (versus 19% pixel shifted control, p < 0.001) for spines with a GFP-gephyrin punctum (p < 0.001) ( Figure 5B ). This indicates that the observed dynamics in inhibitory synapse turnover on spines may disproportionally affect thalamic inputs innervating layer 2/3 pyramidal neurons.
Nondeprived Eye Responses Increase with MD, while Deprived Eye Responses Increase with Recovery
An interesting interpretation of these findings is that in the adult visual cortex, OD plasticity is in part mediated by the disinhibition of thalamic and cortical inputs serving the nondeprived eye, while recovery is mediated in part by the disinhibition of inputs serving the previously deprived eye. To test this hypothesis we examined the response strengths in V1 to the ipsi-and contralateral eye in mice subjected to a week of MD, and in mice that were similarly deprived but allowed to recover for 8-10 days or more than 2 weeks ( Figure 5C ). Strikingly, we observed that after MD, the nondeprived eye response was significantly increased (p < 0.005) while the deprived eye response was mildly decreased (p > 0.05). After 8-10 days of recovery, the responses to the previously deprived eye had strongly increased compared to naive animals (p < 0.01), while the nondeprived eye response had reduced but was significantly higher (p < 0.05) than in naive animals. The resulting increase in responsiveness of V1 to both eyes compared to naive animals disappeared only after prolonged recovery. These observations are thus consistent with the idea that MD and restoration of binocular vision both mediate their effects on OD in adult V1 at least in part through disinhibition. A slow increase in inhibition may be responsible for the normalization of visual responses to both eyes over time. (E) Examples of a GFP-gephyrin punctum and spine disappearing together (white arrowhead), a punctum disappearing from a persisting spine (gray arrowhead) and a punctum and spine both persisting (black arrowhead). (F) Effect of MD on GFP-gephyrin puncta on spines. Shown are the fractions of spines with a GFP-gephyrin punctum present at day 4 that, 12 days later, were unchanged (black, MD: 61.8%; naive: 79.6%), persisted but had lost the GFPgephyrin punctum (gray, MD: 32.4%; naive: 19.5%), or had disappeared together with the punctum (white, MD: 5.7%; naive: 1.0%). (G) Effect of recovery on GFP-gephyrin puncta on spines. Similar as (F), but now for GFP-gephyrin puncta present at day 16, and analyzed at day 24, the last day of recovery (black, unchanged, recovery: 66.6%; naive: 81.4%), (gray, spine persisted but GFP-gephyrin punctum lost, recovery: 26.5%; naive: 15.4%) and (white, spine and GFP-gephyrin punctum lost, recovery: 6.9%; naive: 3.1%). (H) Fraction of spines with a GFP-gephyrin punctum present after MD, which already had this before MD (black, MD: 70.3%; naive: 78.0%), pre-existed but gained the punctum during MD (gray MD: 20.5%; naive: 18.9%), or were newly formed during MD (white MD: 9.2%; naive: 3.1%). (I) Same as (H), but during recovery (black, recovery: 72.6%; naive: 88.3%), (gray, recovery: 24.2%; naive: 11.0%) and (white, recovery: 3.2%; naive: 0.7%). *p < 0.05, **p < 0.01, ***p < 0.005.
DISCUSSION
Inhibitory innervation has important functions in cortical plasticity. But there is little knowledge on whether cortical plasticity is associated with changes in the dynamics of inhibitory synapse gain and loss. Here we show that in adult V1, MD causes the loss of inhibitory synapses on distal apical dendrites of layer 2/3 pyramidal neurons and results in increased responsiveness to the nondeprived eye. Surprisingly, restoration of binocular vision is again associated with inhibitory synapse loss, and increases the responsiveness to the previously deprived eye.
These dynamics of inhibitory synapse turnover in adult V1 accompanying OD plasticity are very different from what has been described for excitatory synapses (Hofer et al., 2009) . Upon MD of adult mice, dendritic spines on layer 5 pyramidal neurons increase in density, while no changes in spine turnover are observed in layer 2/3 pyramidal cells (Hofer et al., 2009 ). Recovery of binocular vision several days later does not eliminate the newly formed spines on layer 5 pyramidal neurons, which is thought to leave a structural trace of the first OD shift that expedites a second shift induced later. It is thus possible that the changes in inhibition we observe facilitate the altered responsiveness of layer 2/3 pyramidal neurons without the need for extensive structural changes of their excitatory connections. The fact that deprivation and recovery, and thus a net decrease or increase of visual input, both increase inhibitory synapse loss makes the interpretation that the changes represent a homeostatic response (Maffei and Turrigiano, 2008) aimed at counteracting the reduced input a less likely explanation for our findings.
As has been described previously, inhibitory synapses were present on shafts and on a minority of dendritic spines, which presumably also carry an excitatory synapse (Beaulieu and Somogyi, 1990; Jones and Powell, 1969) . Upon MD, inhibitory synapses on spines were lost at a much higher rate than shaft synapses. Reopening of the deprived eye caused a renewed increase in inhibitory synapse loss on spines, while it did not significantly affect shaft synapses. Previous studies employing EM have also noticed that inhibitory synapse densities on spines can rapidly change with sensory conditioning, deprivation, or whisker stimulation (Jasinska et al., 2010; Knott et al., 2002; Micheva and Beaulieu, 1995) , but could not distinguish whether this was due to inhibitory synapse loss or gain on stable spines or to the loss or gain of entire spines also carrying an inhibitory synapse. We show that in naive animals, only a fraction of spines with inhibitory synapses are formed de novo or lost together. The additional loss of inhibitory synapses after MD occurs almost entirely on persistent spines.
Large dendritic spines have been found to carry higher efficacy excitatory synapses (Matsuzaki et al., 2001) and are more persistent than small spines (Trachtenberg et al., 2002) . We found that in parallel, larger GFP-gephyrin puncta were also more persistent than small ones. This was true for puncta on spines and on shafts. Our observation that puncta on spines were overall smaller than those on shafts seems to underlie the higher turnover of the spine puncta. Indeed, when we matched the groups of GFP-gephyrin puncta on shafts and spines for size, their turnover rates were identical. Future experiments will need to establish whether GFP-gephyrin punctum size correlates with the efficacy of these synapses.
A previous EM study has shown that in the rat frontal cortex, double synapse spines almost exclusively receive thalamic inputs as identified by VGLUT2 expression (Kubota et al., 2007) . We find that in the mouse visual cortex, close to half the spines with GFP-gephyrin puncta are juxtaposed to VGLUT2 positive inputs, while only 27% of spines without GFP-gephyrin puncta show this juxtaposition. Considering that more than a third of the inhibitory synapses are removed from these spines during the period of MD and again during recovery, thalamic inputs to layer 2/3 pyramidal neurons may be significantly increased through this mechanism. (B) VGLUT2 boutons are juxtaposed to 27% ± 2% of spines without GFPgephryin puncta (overlaid) compared to 49% ± 2% of spines with GFPgephyrin (p < 0.001). When the VGLUT2 channel was shifted 14 pixels (pixelshift), this was reduced to 17% ± 2% (p < 0.005) and 19% ± 3% (p < 0.001), respectively. (C) Response strengths (R) of the two eyes as measured by optical imaging of intrinsic signal. MD increases response strength to the ipsilateral eye (control, R = 0.17 ± 0.01 versus MD R = 0.32 ± 0.01) but not the contralateral eye (control, R = 0.33 ± 0.01 versus R = 0.30 ± 0.01). After 8-10 days of recovery, the ipsilateral eye response decreases but remains increased (R = 0.22 ± 0.02), while the contralateral eye response increases compared to controls (R = 0.43 ± 0.03). Both ipsilateral and contralateral eye responses return to baseline levels after 14-30 days of recovery (R (contra) = 0.32 ± 0.03, R(ipsi) = 0.17 ± 0.02). *p < 0.05, **p < 0.01, ***p < 0.005 compared to control.
How could the changes in inhibitory synapse turnover induced by MD or restoration of binocular vision explain the measured OD shift and its recovery? The most straightforward explanation is that inhibitory synapse loss on spines receiving intracortical or thalamocortical inputs serving the nondeprived eye strengthens their influence on visual responsiveness. This explanation is in line with the observation that adult OD plasticity is caused predominantly by an increase in nondeprived eye responses (Hofer et al., 2006 (Hofer et al., , 2009 Sato and Stryker, 2008; Sawtell et al., 2003) . The second increase in inhibitory synapse loss occurring during recovery of binocular vision may predominantly affect inputs serving the previously deprived eye, resulting in an increased responsiveness to this eye. Indeed we observe that after recovery the responses to both eyes have increased compared to the situation before MD. It is likely that in the long run, new inhibitory synapses will be formed to restore the excitatory/inhibitory balance as suggested by the decreased responsiveness to both eyes during the period of recovery. The trend of increased inhibitory synapse gain on spines that we observe during the period of MD and recovery may represent this process. Interestingly, these novel inhibitory synapses were not preferentially formed on spines that had lost them during the period of MD (not shown), indicating that recovery does not occur at the single synapse level.
But other options that are not mutually exclusive should also be considered. The upper layers of V1 receive not only specific inputs from the LGN but also unspecific thalamic inputs derived from midline and interlaminal nuclei that may have a modulatory influence and alter the excitability of its target neurons (Jones, 1998) . Reduced inhibition could alter these inputs, but how this would affect visual responsiveness or plasticity is still unknown. And while inhibitory inputs on spines show more loss than those on shafts upon MD, the latter are more numerous and may also exert strong changes in neuronal responsiveness. These synapses have the capability to influence inputs from entire dendritic branches, which could also significantly change visual responses. However, a recent study has shown that inputs with similar orientation selectivity in mouse V1 do not converge on single dendrites (Jia et al., 2010) . If this is also true for inputs from the two eyes it is hard to imagine how rearrangements of inhibitory inputs on dendritic shafts can specifically alter the inputs from one eye or the other. Last, reducing inhibition aspecifically may have a permissive role in adult OD plasticity (Harauzov et al., 2010; Sale et al., 2007) mediated through changes in the strength of excitatory connections.
In conclusion, our results show that extensive structural plasticity of inhibitory synapses occurs in the young adult visual cortex. This may provide a powerful mechanism through which specific inputs can be functionally modified without the need for extensive structural changes of excitatory synapses. In the adult brain, a plasticity mechanism that preserves the basic wiring may be crucial for leaving effective communication with other brain areas intact. Future research will need to determine whether inhibitory synapse turnover is also part of juvenile plasticity, or whether it is a mechanism specifically activated once excitatory synapse turnover diminishes.
EXPERIMENTAL PROCEDURES
All animal procedures were carried out with the approval of the institutional animal care and use committee of the Royal Netherlands Academy of Arts and Sciences. Detailed procedures are available in the Supplemental Experimental Procedures.
Electroporation
Layer 2/3 neurons in the developing visual cortex of E16.5 embryo's were electroporated in utero either with a plasmid encoding GFP-gephyrin (0.5 mg/ml) and another encoding dsRedExpress (RFP) (2 mg/ml), or with the RFP encoding plasmid only (2 mg/ml) as described previously (Harvey et al., 2009 ).
Electrophysiology
Coronal slices (300 mm thickness) of V1 were prepared from 26-to 37-day-old and 72-to 78-day-old mice expressing either RFP and GFP-gephyrin or RFP only. Frequencies and amplitudes of mIPSCs and basal electrophysiological properties were measured by whole-cell recordings of fluorescent neurons.
Window Implantation and Two-Photon Imaging Animals were implanted with a circular glass window (diameter 5 mm) covering V1. Two-photon laser scanning microscopy was performed under isoflurane anesthesia using a custom-converted Olympus FV300 laser scanning microscope, using a Ti-sapphire laser at 910 nm and an Olympus 203 0.95 NA water immersion objective. Starting 2-3 weeks after window implantation, stretches of dendrites in layer 1 or upper layer 2/3 were imaged seven times at 4 day intervals.
Optical Imaging and MD Animals were imaged with 700 nm illumination through the cranial window. Square-wave grating stimuli were used to determine the OD index as described previously (Heimel et al., 2007; Hofer et al., 2006) . For MD experiments, the contralateral eyelid was closed by suturing under isoflurane anesthesia 3 days after the second structural imaging session. For recovery experiments, the eye was reopened after which the animals were immediately imaged to determine the OD shift.
Immunohistochemistry and Electron Microscopy
Animals were perfused with 4% PFA in phosphate buffer and brains removed and postfixed. For fluorescence immunohistochemistry, 50 mm sections were incubated with antibodies to synaptotagmin-2, calbindin, calretinin, somatostatin, VGAT, or VGLUT2, washed and stained with Cy-5 or Alexa 647 labeled secondary antibodies. Optical slices of 0.5 mm were imaged on a Leica SP5 confocal microscope. For electron microscopy, 50 mm coronal visual cortex sections of mice transfected with GFP-gephyrin only were immunogoldlabeled with antibodies to GFP. Sections were dehydrated and embedded in epoxy resin. Ultrathin sections were made and examined with a CM100 Philips electron microscope. Tietz Video and Image Processing Systems software was used for scale measurements.
Image Analysis
Red and green channels of in vivo images were maximally separated, and puncta were manually selected based on the following criteria: puncta should have at least 4 pixels in diameter present in at least two optical sections. Only those puncta were included that were colocalized with the fluorescence from the dendrite and/or spine. Puncta were followed over time using custom-made Matlab algorithms. Juxtaposition analyses were performed using Matlab. GFP-gephyrin puncta were selected while the channel representing the bouton staining was switched off. After the channel was switched on the image was manually analyzed for juxtaposition.
Statistics
Puncta turnover, density, and persistence were computed and averaged per dendrite branch. Differences between naive and MD animals were tested at each time point with the Mann-Whitney test. The influence of time on turnover was determined by the Kruskal-Wallis test. For comparisons of data from OD measurements and juxtaposition analyses the Mann-Whitney test was used. The student's t test was used for comparison of the patch-clamp recordings and for comparing the populations of spines which gain or lose puncta the Chi-square test was used. 
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